Abstract. The present study aimed to determine the genetic status of manifesting carriers (MCs) of Duchenne muscular dystrophy (DMD)/Becker muscular dystrophy (BMD) and asymptomatic carriers with a family history of DMD/BMD, and identify potential simple and reliable methods for screening dystrophinopathy carriers. Clinical data from probable carriers and MCs were collected and analyzed. MCs underwent multiplex ligation-dependent probe amplification (MLPA) for dystrophin gene exons combined with muscle disease panel test based on a next-generation sequencing (NGS) platform. In addition, the status of probable carriers was determined by MLPA or Sanger sequencing, according to the mutations of probands. A total of 154 female were enrolled, among which 78 cases were found to be carriers, including 4 MCs and 74 asymptomatic female carriers. The 4 MCs exhibited duplication mutations. Among the 74 asymptomatic carriers, 41.89% harbored deletion mutations, including 2 cases with suspected germline mosaicism and no mutation in the dystrophin gene, while 44.59% harbored point mutations in exons and only 10 cases (13.51%) carried duplication mutations. The area under the receiver operating characteristic (ROC) curve of creatine kinase (CK) was 0.822, with a sensitivity of 65.38% and specificity of 92.1%. In addition, DMD was positively correlated with the CK, alanine transaminase and aspartate transaminase levels of the carriers. MLPA for exons of the dystrophin gene, along with NGS and Sanger sequencing, was effective for the diagnosis of MCs and for determining the status of probable carriers. The ROC curve analysis also demonstrated that CK level was an excellent predictor for distinguishing DMD/BMD carriers.
Introduction
Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are the most common childhood muscular dystrophies, and are caused by mutations in the dystrophin gene, which encodes dystrophin protein at the Xp-21 locus. DMD and BMD occur with a birth prevalence rate of 15.9-19.5 cases per 100,000 live male births and 1 case per 6,000-8,000 live male births, respectively (1, 2) . Approximately 60-65% of mutations are deletions, 5-15% are duplications and 30% are point mutations (3) . There are two hotspots in the dystrophin gene. The most important hotspots are located in exon 45-55 and exon 2-19 (4). However, DMD and BMD are X-linked recessive diseases, and thus females are the carriers of the mutation.
The majority of DMD/BMD carriers remain asymptomatic, while only 2.5-10% of carriers are symptomatic and classified as manifesting carriers (MCs) (5) . The symptoms of MCs range from mild muscle weakness to severe abnormal gait with frequent falls, and difficulty in rising from the floor or walking on tiptoes. Certain patients even have rapidly progressive muscular dystrophy similar to male dystrophinopathy. Diagnosis of DMD/BMD carriers is based on clinical symptoms, family history, biochemistry markers, echocardiography, pathology, molecular genetic analysis and linkage-testing. Identification of DMD/BMD carriers may present challenges, particularly in the absence of a family history of DMD/BMD. Genetic analysis of the dystrophin gene is typically required for diagnosis, particularly for genetic consulting and prenatal diagnosis.
In the present study, clinical data were collected and analyzed from 154 probable female carriers. The creatine kinase (CK) level of the subjects, and its correlation with Departments of 1 Pediatrics and 2 Pathology; alanine transaminase (ALT) and aspartate transaminase (AST) levels were analyzed. Multiplex ligation-dependent probe amplification (MLPA) for exons of the dystrophin gene, combined with a muscle disease panel based on next-generation sequencing (NGS), was applied to detect the MCs. Two of the MCs were confirmed by muscle pathological examination. The status of probable carriers was determined by MLPA and Sanger sequencing according to the mutations of probands. The present study presents a non-invasive, easy screening for MCs of DMD/BMD, and describes an effective, accurate method for the detection of deletions/duplications and small mutations in DMD/BMD carriers.
Materials and methods
Participants. The study participants were selected between January 2013 and October 2017 at the First Affiliated Hospital of Guangxi Medical University (Nanning, China). The subjects included male DMD patients (proband), symptomatic females and their relatives, including mothers, maternal grandmothers, maternal aunts and sisters of probands with confirmed DMD dystrophin gene mutations. The present study was conducted in strict accordance with the recommendations in the Guidelines of the Centers for Disease Control and Prevention (1). The study was approved by the Ethics Committee of the First Affiliated Hospital of Guangxi Medical University. Informed consent was obtained from all participants included in the study.
Inclusion and exclusion criteria. Subjects included in the present study fulfilled one of the following criteria: i) Exhibited clinical manifestations, such as muscle weakness, walking with frequent falling, abnormal gait, and difficulty running, jumping and going upstairs; ii) were maternal female relatives of probands with confirmed diagnosis of DMD/BMD; and iii) exhibited a persistent CK level that was >2 times greater than the upper limit of the normal range (CK, <178 U/l). Symptomatic females who were confirmed by genetic testing to suffer from another muscular dystrophy disease, such as limb-girdle muscular dystrophy (LGMD), or females with incomplete clinical information were excluded from the present study.
Clinical analysis. The clinical data (including the chief complaint, history of present illness, growth and development history, past medical history and family history) of all subjects were collected and reviewed retrospectively. Blood samples were collected and levels of serum enzymes CK, liver function and cardiac enzymes concentrations were measured using a Hitachi 7600-020 analyzer (Hitachi, Ltd., Tokyo, Japan). All assays were conducted according to the manufacturer's instructions using the same batch reagent. Echocardiography findings and muscle biopsies were analyzed. Statistical analysis. Statistical analysis was conducted using SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA). Independent-samples t-test was used to compare the difference in CK level between Group 1 (MCs) and Group 2 (asymptomatic female carriers with high CK levels). Pearson's correlation coefficient (r) was used to identify the probable correlation of CK level with the AST and ALT levels in female carriers. Receiver operating characteristic (ROC) curve analysis was used to distinguish the predicted value of CK in DMD/BMD carriers. P<0.05 was considered to denote differences that were statistically significant.
Results

Participant characteristics.
A total of 103 families from the south of China were recruited in the present study, including 4 MCs and 99 male DMD patients. Furthermore, 150 female relatives were collected. Of these 150 participants, 23 participants were excluded due to incomplete clinical information, and 3 participants were excluded due to testing positive for a mutation in other genes that resulted in muscular dystrophy disease, confirmed as LGMD by muscle disease panel analysis. A homozygous mutation c.583G>A in the SGCA gene (LGMD2D), compound heterozygous mutations c.620T>C and c.823C>T in the FKRP gene (LGMD2I), and compound heterozygous mutations c.77848C>T and c.97099C>T in the TTN gene (LGMD2J) were detected in these 3 cases. A total of 50 participants were also excluded as their DMD genetic analysis results were negative. Ultimately, 78 females were enrolled into the present study. Among these, 4 cases were MCs and 74 cases were asymptomatic female carriers, including 2 cases who were carriers of suspected germline mosaicism with no mutation in the dystrophin gene (Fig. 1) .
Clinical symptoms. The present study included 4 symptomatic female carriers. Two of these MCs were admitted to the hospital due to elevated CK levels. All exhibited a variety of symptoms, including falls, waddling gait and tiredness (Table I) . ROC curve was 0.822 (P<0.001), the sensitivity was 65.38% and the specificity was 92.1% (Fig. 3) . Furthermore, a total of 27 asymptomatic female carriers had normal CK levels, accounting for 24 first-degree relatives and 3 sec-degree relatives (Fig. 2) . The mean CK level of these subjects was 103.59 U/l (range, 24-174 U/l; Table II) . Female carriers were then divided into 3 groups according to their CK level: Group 1, MCs; Group 2, asymptomatic female carriers with high CK levels; and Group 3, asymptomatic female carriers with normal CK levels (Table II) . Independent-samples t-test was used to compare the difference in CK level between Group 1 and Group 2, indicating that the CK level of MCs was significant higher in comparison with that of asymptomatic female carriers with high CK (P<0.001).
Laboratory examination
Correlation of CK with AST and ALT levels. Among the 4 symptomatic and 74 asymptomatic female carriers, 61 cases exhibited normal ALT and AST levels, whereas 17 cases had elevated ALT and AST levels. The mean ALT level was 33.56 U/l, with a minimum of 9 U/l and a maximum of 154 U/l. Similarly, the mean AST level was 38.20 U/l, with a minimum of 14 U/l and a maximum of 171 U/l. Further analysis indicated that the variation in ALT and CK levels exhibited a positive correlation (r=0.753, P<0.05; Fig. 4) , while a positive correlation was also observed between AST and CK levels (r=0.791, P<0.05; Fig. 5 ). AST exhibited a stronger correlation with CK levels as compared with that of ALT and CK levels. exhibited duplication mutations. In addition, 2 of the asymptomatic females were carriers of suspected germline mosaicism without mutations in dystrophin gene, although their daughters had the same mutations as the probands. Overall, 34 different mutations were characterized in the present study. The deletion breakpoints were mainly clustered at exons 45-55, followed by exons 3-16 ( Fig. 6A) , whereas duplication breakpoints were clustered at the 3' end of the dystrophin gene (Fig. 6B) . The point mutation detection rate and distribution of mutations according to type, including 22 nonsense, 4 frame shift and 7 splice site mutations, are shown in Table III . In addition, it was observed that 31 (36%) mothers were negative for dystrophin gene analysis, and the associated probands had possible de novo mutations. A total of 6 female relatives exhibited negative genetic results by MLPA and NGS, however, their CK levels were abnormally high (Table IV) . These cases were first degree relatives of the probands, and a muscle disease diagnosis could not be made by muscle panel analysis. Therefore, the possibility that these subjects were DMD carriers cannot be excluded, particularly given the possibility of somatic mosaicism. Certainly, other factors that would cause high CK levels should be considered. Muscle biopsy results. Among the 4 symptomatic carriers, 2 patients were subjected to muscle biopsy (Fig. 7A and B) .
The proliferation of connective tissue in the muscle fibers was low, and individual interstitial small vessels cut through only a few granulocytes and lymphocytes. 'Muscle fiber necrosis was observed and regeneration was not evident, except when combined with clinical myositis. The immune positivity of spectrin in all biopsies indicated well-preserved sarcolemmal integrity, ensuring that false negative results for other sarcolemmal membrane-associated proteins could be ruled out. Furthermore, immunohistochemical examination with monoclonal antibodies against dystrophin indicated a mosaic reduction of the protein expression in these MCs. The control biopsy presented a normal expression of dystrophin, with a consistent and uniform brown muscle fiber membrane. By contrast, in male DMD patients, almost no dystrophin expression was observed in the muscle fiber membrane (Fig. 7C-E) .
Discussion
Dystrophinopathy is the most common muscular dystrophy and involves X-linked recessive inheritance, while MCs are rare. In the present study, 4 MC females (4/78 participants; 4.49%) were reported, who presented with muscle weakness and elevated CK levels. Duplication mutations in dystrophin gene were detected in all of the MCs. It has previously been reported that 2.5-10% carriers experience symptoms ranging from mild muscle weakness to rapidly progressive DMD-like muscular dystrophy (5), which is consistent with the results of the present study. Several disease-causing mechanisms have been implicated in DMD/BMD MCs; however, the most frequently reported mechanism to provoke symptoms in DMD/BMD carriers is skewed X-inactivation (7). In X-linked dominant diseases, X inactivation can influence the severity of the phenotype or the survival of females with heterozygous lethal mutations. Our next step will be relevant to the X inactivation analysis of these carriers to clarify its pathogenesis.
The phenotypes of MCs of DMD/BMD are similar to LGMD and are, therefore, likely to be misdiagnosed with LGMD. MCs with motor weaknesses should be distinguished from other myodystrophies. As many as 17% of dystrophinopathies are misdiagnosed as LGMD (8) . In the present study, 3 cases among the 78 cases exhibited progressive motor weaknesses similar to DMD and elevated CK levels. A subsequent muscle disease panel analysis revealed their diagnosis as LGMD, which was confirmed by muscle biopsy and immunostaining. In addition to weakness symptoms, an MC with motor developmental delay was detected, but without any other intellectual or cognitive disorders or mental illnesses. These findings are in accordance with those reported by Seeman et al (9) in 2010. More recently, the incidence of mental retardation in MCs was found to be as high as 7% (10) . However, all 4 female symptomatic carriers in the present study did not exhibit evidence of mental retardation.
As CK is a component of the muscle fiber cytosol, its serum activity is considered to be positively correlated with progressing muscle damage. An elevated CK level is one of the characteristic features of DMD/BMD, particularly when screening neonatal carriers. To the best of our knowledge, the present study is the first to use a ROC curve to analyze the diagnostic sensitivity of CK level in DMD/BMD, and the results suggested that the CK level has high specificity and sensitivity for the diagnosis of female carriers. For female relatives with negative genetic tests, particularly those with CK values up to 1.5-3 times the normal upper limit, muscle biopsy and immunohistochemical analyses are recommended to evaluate dystrophin protein expression to confirm the status of probable carriers. As previous studies have suggested, chronic persistent CK elevation indicates the possibility of neuromuscular disease (11) . Wang et al (12) reported that among a group of 201 female relatives, 97 of the 98 first-degree relatives with high levels of CK were DMD or BMD carriers, while 31 of the remaining 103 subjects exhibiting normal CK levels were diagnosed as carriers. Therefore, the possibility that female relatives with normal levels of CK could be carriers cannot be excluded. In the present study, it was also observed that CK levels were positively correlated with the levels of ALT and AST. Elevated ALT/AST may be the presenting sign of muscle disease in children, which provides an opportunity for early diagnosis. For patients with unexplained long-lasting hypertransaminasemia,serum CK activity should be measured and muscle biopsy should be conducted at an early stage for correct diagnosis of muscular dystrophy. The sensitivity of ALT and AST was observed to be 21.79% in the present study, which is significantly lower compared with that for the CK level. Therefore, the CK level is a better predictor of DMD/BMD carriers, and female relatives with elevated ALT/AST should also be screened for serum CK activity to identify potential carriers. While a total of 6 female relatives in the present study had a high CK level, they did not present any mutations in the dystrophin gene. Since these patients did not agree to undergo muscle biopsy, they cannot be excluded as possible carriers.
The limitations of MLPA and NGS analyses can lead to false negatives, while germline mosaicism carriers would also show a negative result in genetic tests. Luce et al (13) reported three recombination events and suggested that germline mosaicism had occurred in these families. In addition, high CK levels may be due to other non-neuromuscular factors, such as physical activity or muscle trauma (14) , and further study would help to exclude the possibility of myopathy. Currently, muscle biopsy immunostaining has become important for the diagnosis of myopathy. In the present study, the muscle biopsy immunostaining results of two symptomatic carriers exhibited mosaic distribution. Approximately 20% of carriers had abnormal dystrophin immunostaining on muscle biopsy, with a mosaic pattern of dystrophin-positive and dystrophin-negative fibers present (15) . When the gene mutation analysis is negative, muscle biopsy with immunohistochemical staining would be useful to assist in the further diagnosis of carriers.
In the present study, 74 asymptomatic carriers were detected by MLPA combined with Sanger sequencing. Among these, 41.89% of cases involved deletion mutations, 44.59% of cases exhibited point mutations in exons and 13.51% exhibited duplication mutations. These results are similar to those of a previous study (16) . Additionally, all of 4 MCs carried frameshift and duplication mutations. By contrast, point mutations and deletions were more common in female asymptomatic carriers, as previously reported in the literature (17) . More frameshift and duplication mutations were observed in MCs in the present study, which may be due to the small sample size. Therefore, larger samples should be used in future studies. Large segmental deletions and duplications in female carriers of dystrophin gene mutations involved the majority of the exons. Deletion breakpoints were mainly clustered at exons 45-55, followed by exons 3-16, which was similar to the results previously reported in the literature (4). However, in the present study, duplications were concentrated in the 3' end of the DMD gene, in contrast with previously reported DMD gene mutation hot spots at the 5' end (17) . An earlier study analyzed 92 suspected DMD/BMD male patients, and reported that the deletion and duplication hot spots in the dystrophin gene were the same as those of female carriers in the present study (18) . The discrepancy between the results of the present and previous studies may be due to the small sample we collected.
According to the literature, approximately two-thirds of the genetic mutations in male DMD/BMD patients were inherited from their carrier mothers, while more than one-third were de novo mutations (19) . In the present study, 31 (36%) mothers did not exhibit a mutation in the dystrophin gene, as determinedby MLPA and Sanger sequencing analysis. This indicated that these probands may present de novo mutations. Furthermore, 2 cases of germline mutation female carriers who were the mothers of the 2 probands were identified They did not exhibit a mutation in the dystrophin gene by MLPA and NGS analyses, and had a normal CK level. However, their daughters presented the same mutation as the probands, although this mutation was absent in the fathers of these cases. This evidence suggests that these mothers are highly likely to have germline mosaicism. Thus, mothers with a DMD/BMD child should be aware of the possibility that they are DMD/BMD carriers, particularly those who show an elevated CK level, even when no mutation in the dystrophin gene is detected by genetic analysis. A number of researchers recommend that mothers who have a DMD child should obtain prenatal diagnosis again when pregnant. In order to prevent DMD/BMD, attention must be paid to dystrophinopathy carrier screening, genetic counseling and prenatal diagnosis.
In conclusion, measurement of the CK level is a non-invasive, easy and excellent screening method for DMD/BMD carriers, and this level was observed to be strongly correlated with ALT and AST. The present study reported that MLPA for exons of the dystrophin gene, along with a muscle disease panel analysis, was effective for the diagnosis of MCs, while MLPA combined with Sanger sequencing determined carrier status. However, a number of carriers remained that could not be confirmed by this strategy. DMD/BMD female relatives with negative genetic testing results, particularly those with high CK levels, are recommended to undergo prenatal diagnosis. Furthermore, female relatives with negative genetic tests and persistent high CK levels should be recommended for muscle biopsy and immunohistochemical analysis to evaluate dystrophin protein expression in order to confirm the status of probable carriers.
